Introduction
The rationale for the use liquid biopsy is not dissimilar to the many haematology or biochemistry tests clinicians use in daily clinical practice. With the advent of next-generation sequencing and novel circulating cell-capture methods, a blood sample collected in clinic could be analysed for bladder cancer related alterations, having implications on diagnosis, prognosis and therapy selection. The three main substrates discussed in this review are cfDNA, RNA and circulating tumour cells (CTCs).
cfDNA is an attractive substrate for the detection of disease. Cellular DNA is released into the blood following cell death of normal and cancer cells in the form of cfDNA fragments of approximately 150 base pairs [10] . Although cfDNA is present physiologically (plasma: mean 1.8 ng/ml), its levels are increased in many cancer types including (but not limited to) lung [11] , ovarian [12] , prostate [13] , breast [14] and renal carcinoma [15] due to a higher turnover of cells. Large repositories such as TCGA have been harnessed to provide a tailored or personalised approach where sequencing data from circulating genomic substrates could allow for selection of appropriate targeted therapies, or even personalised subsequent monitoring of disease [16] .In lung cancer, cobas® EGFR Mutation Test v2 (Roche Molecular Diagnostics) is the first blood-based genomic test [17] with FDA approval. It can accurately identify mutations in the epidermal growth factor receptor (EGFR) using plasma DNA in patients with non-small cell lung cancer (NSCLC) with a sensitivity and specificity of 78-100% and 93-100% respectively [18] . This allows selection of patients for treatment with tyrosine kinase inhibitors used as a second line treatment for metastatic NSCLC [19] .
Circulating tumour cells (CTCs) have also shown promise as non-invasive biomarkers. The presence of CTCs in the blood is associated with decreased overall survival in metastatic breast [20] , prostate [21] and colorectal [22] cancer patients and represents a prognostic rather than predictive or diagnostic. The CellSearch system (Veridex) has FDA approval for the enumeration of in-vivo circulating tumour cells in breast cancer patients [23] , and subsequently received FDA approval for use in prostate and colorectal cancers [24] . A limitation of the CellSearch system is the reliance on cancer cells with EpCAM positivity ,and as not all metastatic cells express EpCAM, the false negative results are reflected in its negative predictive values [25] .
RNA platforms are relatively unexplored in comparison with no FDA approved tests on the market utilising their diagnostic or prognostic potential. However, there is a strong rationale for their use in this field. Messenger RNAs (mRNAs), long non-coding RNAs (lncRNAs) and micro-RNAs (miRNAs) have been explored as potential targets for cancer detection. mRNAs are the direct products of transcription, and can provide real-time information about intracellular. lncRNAs [26] and miRNAs [27] are non-coding RNAs that have been long been regarded as the waste products of transcription, but have been found to be regulators of protein translation.
Using these liquid biopsies, it is possible to assess for tumour heterogeneity [28] and provide an accurate representation of mutational burden. This is different to traditional tissue biopsy, which often sample tissue from a part of the tumour, which can result in only certain sub-clones within a tumour being represented [29] . As liquid biopsies are non-invasively collected, they can also be repeated more frequently than tumour biopsies, and hence can provide real-time information about a patient's disease burden.
In this systematic review, we will discuss all reported DNA, CTC and RNA blood based biomarkers for the detection of bladder cancer.
Methods

Search strategy and included studies
A systemic review of the literature was performed using Medline/Pubmed on 22 nd February 2017. The following keywords/ MeSH words: (bladder cancer) AND (blood OR plasma OR serum) AND biomarker AND (DNA OR RNA OR cfDNA OR cell-free DNA OR RNA OR CTC). All articles were reviewed in accordance with the PRISMA statement. The review is registered with the PROSPERO register (CRD42016051201).
Study selection
All studies were screened by two investigators independently. Where there were disagreements, this was resolved after discussion with a third investigator by general consensus. The inclusion criteria includes: 1) blood-based (blood/plasma/serum) genomic (DNA/RNA) biomarkers or biomarker plans for bladder cancer, 2) diagnostic biomarkers. An in-depth analysis of sensitivity, specificity and/or AUC reporting was conducted for studies reporting relevant data. Only studies in English were included.
All conference abstracts, review articles, editorials, comments, letters to the editor and duplicate records were excluded. Studies on prognostic biomarkers, urinary biomarkers and non-genomic/non-CTC biomarkers were also excluded from analysis. The selection process is summarised in Figure 1 .
Data extraction and quality assessment
Data was extracted independently by two investigators (PK, MWLL) from suitable studies about type of biomarker used, region/substrate identified and blood product interrogated. For studies describing blood and urine biomarkers, only blood-based biomarkers were included.
All suitable manuscripts describing blood-based biomarkers were then reviewed for reported statistics: sensitivity, specificity and ROC/AUC values. Additional data was collected for studies that included validation cohorts. A second investigator confirmed data was extracted accurately.
Results
Characterisation of studies
The PRISMA flowchart is shown in Figure 1 . A total of 275 citations were identified in the database search, and 47 studies met the criteria of diagnostic biomarkers. The various methods described interrogated CTCs, DNA (both somatic and epigenetic alterations), RNA (miRNA, total RNA, cell-free RNA) and combinations of these strategies. A summary of the included studies is shown in Supplementary Table 1. 21 studies described DNA-based tests, of which 11 described somatic mutation analysis, nine use DNA methylation based analysis and one mitochondrial DNA. Of the 19 RNA studies, 11 studies were based on detection of miRNA, one cellular RNA and seven mRNA. Three studies described CTC analysis, and four used combined approaches of these methods.
Of all studies included in the search, only 15 provided sensitivity and specificity analysis, and/or AUC from ROC analysis. These studies were included for further discussion; six were miRNA based, two studies investigated mRNA and six focused on cfDNA. Of these six studies, three focused on cfDNA somatic mutations and the remaining on cfDNA methylation changes. Generally, these were small studied with a median of 56 (IQR 41-90) patients recruited. There was variability in reporting matched controls and validation sets. A summary of findings of these studies is shown in Table 1 . These 14 studies were assessed against the Standards for Reporting Diagnostic accuracy studies (STARD) criteria. In general, all studies reported majority of the 30 items described in the STARD statement, but some items were missing as a trend across various studies. This includes reporting if patients formed a consecutive, random or convenience series, rationale for test positivity cut-off, determination of sample size, and comparison of the distribution of the index test results to the reference standard.
RNA biomarkers
In the field of bladder cancer, three types of RNA biomarkers have been reported: miRNA, cfRNA and total RNA. miRNAs are small (18-25 nucleotides) non-coding RNA molecules that are involved in a wide range of biological processes, influencing gene regulation and signal transduction in cell development, proliferation and redirecting or reprogramming molecular pathways [27] . mRNAs are direct products of DNA transcription, which code for specific amino acids and act as blueprints for protein synthesis. Therefore, they can be considered as a real-time surrogate of cellular protein synthesis. Total RNA isolated from blood consist mostly of blood-cell derived RNA, and previous studies have hypothesised that blood-derived total RNAs can distinguish between gastric cancer and healthy controls [30] . Additionally, the use of containers such as the PAXgene TM Blood RNA System allows for easier transport and storage of RNA, further enabling researchers to explore the potential of RNA-based biomarkers [31] .
miRNA biomarkers
Yang et al. [32] studied serum levels of miR-210 which is upregulated in most solid tumours including bladder cancer, but is not cancer specific and is also upregulated in hypoxic conditions [33] . A sensitivity for detection of bladder cancer of 97.6%, and specificity of 69.2% with an AUC of 0.898 was reported in a development cohort, but the findings were not validated using an independent cohort. Tölle et al. [34] described three miRNAs (miR-26b-5p, miR-144 5p, miR-374-5p) of which miR-26b-5p and miR-374-5p had sensitivity of 65.0% and 60.0% respectively with a combined specificity of 94.1% for the detection of invasive cancer. The combined sensitivities for the three miRNAs were not reported and the results were not validated in an independent cohort.
A comprehensive study including a panel of 6 miRNAs was reported by Jiang et al., which included both discovery and validation cohorts [35] . In the development cohort of 240 patients (120 BCs and 120 normal controls), a pooled sensitivity and specificity of 90.0% and 90.0% respectively was reported, and an AUC of 0.956 (0.922-0.978). AUC for the six miRNAs ranged between 0.645 and 0.814, but sensitivity and specificity for individual miRNAs were not included. Independent cohort validation included 110 BCs and 110 normal controls and achieved a sensitivity and specificity of 80.0% and 89.1% respectively, with an AUC of 0.899 (0.851-0.936). Higher detectable levels of miR-152 and lower levels of miR-3187-3p correlated with advanced tumour stage (p<0.05), and lower levels of miR-27a-3p correlated with higher tumour grade (p=0.04).
Adam et al. studied a panel of 40 miRNAs [36] in plasma and reported pooled sensitivity and specificity of 90% and 89% respectively. However, the patient cohort studied consisted of only 20 BCs and 18 noncancer controls, and no validation cohort was included.
cfRNA biomarkers
A single study has reported the utility of cell-free mRNA isolated from serum as a biomarker for detection of bladder cancer. Ismail et al. [37] reported results from 120 bladder cancer patients, stages T1 (n=30) and ≥T2 (n=90), and normal controls (n=30) [37] . In this study, mRNA from 6 different S100A genes-S100A4, S100A6, S100A7, S100A8, S100A9 and S100A11 were included. The S100 genes transcribe for calcium-binding proteins which are implicated in cellular processes such as transcription, cell proliferation and differentiation, and expression is associated with bladder cancer [38] . Optimal sensitivity and specificity was achieved with S100A4 at 90% and 92% respectively, and a PPV and NPV of 88.5% and 93.0% respectively. S100A4 was also overexpressed in invasive bladder tumours compared to non-muscle invasive tumours. When combined with urine cytology, the sensitivity increased to 96.6% but the specificity was reduced to 80.0%.
Total RNA biomarkers
Osman [39] et al. studied total RNA for a panel of seven primers corresponding to seven genes isolated from nucleated cells in the blood. The approach, to extract RNA from nucleated cells, is different from all other studies reported in this review, which have identified targets in cell-free genomic material. The seven genes (IGFBP7, SNX16, CSPG6, CTSD, CHD2, NELL2, TNFRSF7) panel achieved a sensitivity of 83.0%, a specificity of 93.0% and an AUC of 0.901 using a cohort of 44 bladder cancer patients and 29 normal controls [39] .
cfDNA biomarkers
Cancer-related DNA changes can be in the form of somatic mutations and epigenetic alterations. Somatic mutations are changes in the DNA sequence itself, whereas epigenetic alterations are the result of methyl groups being added (methylation) to intact DNA molecules, resulting in a change of activity of the DNA segment without changing its sequence.
Ellinger et al. reported that 124 base-pair apoptotic DNA fragment of the PTGS2 (COX2) gene has a sensitivity of 95.6%, and specificity of 62.2% and an AUC of 0.836 (0.753-0.918) for detection of bladder cancer. The NPV and PPV of 70.7% and 96.6% respectively was reported for a mixed cohort of MIBC and NMIBC [40] . DNA levels and apoptotic index were not correlated with stage or grade. In a further study, Ellinger and colleagues detected methylation of 5 loci from the genes APC, GSTP1 or TIG1 as a biomarker panel for detection of disease. The combination achieved a sensitivity and specificity of 80.0% and 93.3% respectively, and an AUC of 0.867 (0.785-0.948). Individually, all three biomarkers had a specificity of 100% but sensitivity and AUC were lower, ranging between 0.659 and 0.798. Interestingly, they found that adding PTGS2 to the panel did not affect the sensitivity, specificity and AUC.
Another study by Hauser et al. compared the relative ratio of two amplicons from the beta actin gene, a 106pb and a 384pb region, which represents cell free apoptotic DNA compared to large fragment cellular DNA respectively. They reported a sensitivity and specificity of 91.6% and 43.3% interrogating ACTB and an AUC of 0.686 [41] . Absolute levels of cfDNA and DNA integrity were similar in both NMIBC and MIBC patient samples. Interestingly, the authors infer that increased levels of cfDNA were detected post-surgical resection indicating the potential dynamic release of DNA fragments by processes such as necrosis and repair.
The highest specificity from any of the studies included was reported for p16
INK4a promoter methylation. p16
INK4a inhibits the activities of CDK4 and is frequently inactivated in cancer [42] . Valenzuela et al. studied hypermethylation of the gene as a surrogate for its inactivation in bladder cancer and reported specificity of 98% but sensitivity of only 23%. AUC was not reported but their positive predictive (PPV) was 95% [43] .
CTC biomarkers
Only one study has enumerated CTCs. Qi et al. analysed a cohort of 20 bladder cancer patients and 23 healthy volunteers, they reported a sensitivity and specificity of 82.1% and 61.9% respectively [44] , with an ROC of 0.819 (0.738-0.883), using the CTC unit (Cu) developed by GenoSaber Biotech (Shanghai, China). Their publication included patients with NMIBC, MIBC and metastatic bladder cancer, but performance of their test for individual cohorts was not stated.
Discussion
In the field of cancer diagnostics, interest in the use of blood-based genomic biomarkers has grown in recent years [45, 46] . In bladder cancer, blood-based biomarkers may have greatest potential for the detection of residual metastatic disease post radical cystectomy. However, this review found preliminary reports where blood-based biomarkers have been applied for the diagnosis of bladder cancer of all stages.
As evident in this review, research in this field is at an early stage, and most studies are proof-of-concept with limitations in design and cohort size. Only 14 reports were eligible for inclusion, of which no single publication fulfilled the standard specified by the STARD criteria. There was heterogeneity in patient cohorts included in each publication, with variable inclusions of NMIBC and MIBC and stratification by grading. Only one study included patients with metastatic bladder cancer. Furthermore, as all studies included in this review are case-control studies, and use optimal AUC values, there is an increased risk of bias -as is to be expected for early stage biomarker discovery.
Across the review, diverse substrates and platforms are reported, however an emerging focus is the investigation of miRNAs and targets in cfDNA over circulating tumour cells and the presence of mRNA. There is some commonality of targets, such as PTGS2, APC, TIG1, GSTP1 and p16 genes which were tested across multiple studies interrogating cfDNA as single targets or as part of biomarker panels for the detection of bladder cancer. PTGS2 was included in both somatic mutation panels and methylation targets, whereas APC, TIG1, GSTP1 and p16 were included as part of methylation targets associated with bladder cancer. Many targets such as hypermethylation of the PTGS2 are not cancer specific, but upregulated in inflammation [47] , and has been associated with colorectal cancer [48] , benign prostatic hyperplasia [49] and osteoarthritis [50] among other conditions. Similarly APC mutations are associated with ovarian, colorectal and hepatocellular [51] [52] [53] carcinoma and TIG1, GSTP1 and p16 gene mutations and methylation changes are not individually specific to bladder cancer. This has made their use as part of a panel more appealing, as their sensitivity and specificity for bladder cancer can be pooled and aggregated. miRNA targets are attractive biomarker targets as they are stable enough to be well preserved and extracted from fixed tissue, blood and urine. Unlike the trend noted in cfDNA, the only miRNA that was used by more than one study was miR-148b, and it was part of both multi-miRNA panels designed by Jiang et al. [35] and Adam et al [36] . miR-148b is not specific to bladder cancer, and has even been investigated as a marker for heart failure [54] which itself is not uncommon in the population with bladder cancer [55] . However, the overlap between cancers or other conditions does not exclude the test from monitoring for disease recurrence. When used as part of biomarker panels, they can be interpreted in relation to the presence of other bladder-cancer associated alterations.
Five studies in our literature search described CTCs, and only one met our criteria for further analysis. CTCs have a key area of interest in the diagnosis of many cancers, including bladder cancer, but can be a cost-prohibitive approach [56] . Using the CellSearch platform, CTCs are detectable in 26.1-91% of patients with lymph node metastases [57, 58] , but also detectable in patients without lymph node metastases. In patients with systemic distant metastases, CTCs are detectable in 33-100% of patients, with higher numbers of CTCs enumerated compared to non-metastatic disease [59] . As such, CTCs can offer prognostic information [60] , but do not provide the sensitivity or specificity needed for diagnostic certainty.
In five studies, the type of cancer (urothelial cell carcinoma (UCC), adenocarcinoma, squamous cell carcinoma (SCC) etc.) was not stated, and in eight studies four included UCC only while four included UCC and SCC. There was no consistency in the design of controls and control cohort comprised blood derivatives from variable sources such as: patients with a prior history of bladder cancer [61] , patients with known prostate cancer [62] , as well as non-cancer controls [36] , [37, 63] without age and sex matching. Of the 14 studies included, only 3 studies (Table 2 ) validated their findings with an independent cohort, and of these, only 2 studies published by Jiang et al. [35] and Du et al. [64] included the results obtained from the validation cohort. It is difficult to draw meaningful conclusions about studies without results from a validation cohort, especially given the small number of patients in many of these studies. Interestingly, all three studies that included validation cohorts were interrogating miRNA or miRNA panels as a diagnostic biomarker.
Serum was favoured over plasma by most studies, with 10 studies collecting genomic material from serum, and 2 from plasma, 1 whole blood. Previous studies have found that serum has a higher concentration of miRNA and cfDNA when compared with plasma [65] . However, serum is comparatively fragile and requires immediate separation [66] . Studies included in this review that extracted genomic material from plasma used standard EDTA tubes for blood collection, but blood can be stored using novel storage containers such as Cell-Free DNA BCT® [67] for up to a week.
Another important application of a biomarker is to differentiate patient disease by stage and grade of bladder cancer. Yang et al. identified that miR-210 could have a role in differentiating NMIBC patients from MIBC, with an AUC of (95% CI, 0.662-0.800). Furthermore, miR-210 could differentiate MIBC from normal with an AUC of 0.938 (95% CI, 0.893-0.968), compared with NMIBC from control with an AUC of 0.858 (95% CI, 0.800-0.904). This suggests that likelihood of detection is related with disease burden, and similar results were found by other studies [36, 37, 40, 68] . Fewer studies reported correlations of disease detection being related to cancer grades [35, 68, 69] , but limited sample sizes and lack of validation limit the impact of these findings.
The field of genomic biomarkers is relatively more developed in other cancers. In breast cancer, a cfDNA based biomarker could detect cancer recurrence approximately eight months before conventional scans [46] . Using a personalised cfDNA panel, the TRACERx group detected disease recurrence in lung cancer approximately 2 months before conventional scans [8] . It must be noted that these tests are not recommended for clinical use. In bladder cancer, there are no reported studies reporting prospective sequential sampling. However, the reports identified in this review set out that blood-based biomarkers can be detected upon clinical diagnosis and prior to resection, although with varying sensitivities and specificities. Future studies exploring the potential for blood-based biomarkers to supplement crosssectional imaging will be of interest.
Although not tested as a readout of minimal residual disease, the finding that circulating genomic material is rapidly cleared makes it attractive as a biomarker. In nasopharyngeal carcinoma, cancerassociated Epstein-Barr Virus DNA becomes undetectable in a few days following surgical resection suggesting that the half-life of genomic material in the circulation is around 2 hours [70] and can be as short as 16 minutes [71] . Sensitivities as high as 95% have been reported for the detection of PTGS2 in bladder cancer [62] , suggesting some utility as a readout of minimal residual disease if detected after cystectomy.
Liquid biopsies can have inference for the monitoring or disease status and response to therapy. In our literature search, non-diagnostic biomarkers were also identified but excluded for systematic analysis. These included biomarkers predictive of metastatic disease, chemo-sensitivity, recurrence in NMIBC and prognosis. While not included in the scope of this systematic review, they represent important applications of genomic biomarkers.
Circulating nucleic acids and CTCs have the potential to be useful biomarkers for bladder cancer. Small exploratory studies in the literature have shown promising results for blood-based biomarkers in the diagnosis of bladder cancer, but these need to be robustly tested and validated for them to have a role in the clinical setting. The implication that evidence of tumour burden can be detected through noninvasive methods is an important avenue to explore further. Table 1 : Summary of included literature with sensitivity, specificity and/or AUC *hsa-miR-92b, hsa-miR-1826, hsa-miR-92b*-AS, hsa-miR-33b, hsa-miR-1246, hsa-miR-1290, hsa-miR-1268-AS, hsa-miR-1914, hsa-miR-923-P, hsa-miR-23a, hsa-miR-923, hsa-miR-1469-AS, hsa-miR-184-P, hsamiR-219-1-3p, gender=male, hsa-miR-25, hsa-miR-935, hsa-miR-23b, hsa-miR-92a, hsa-miR-1228*-AS, hsa-miR-520c-3p-AS, hsa-miR-566-P, hsa-miR-33a-AS, hsa-miR-1254, hsa-miR-1181, hsa-miR-155*MM1T/C, hsa-miR-487a, hsa-miR-1273, hsa-miR-541, hsa-miR-195*, hsa-miR-487b, hsa-miR-148b, hsa-miR-634, hsa-miR-155MM1G/A, hsa-miR-1197, hsa-miR-546h, hsa-miR-32, hsa-miR-720, hsa-miR-202-AS, hsa-miR-937-AS ¤D5S1720, D5S476, D8S261, D8S560, D9S171, D9S925, D9S15, D13S153, D14S750, D14S61, D14S267, D17S799, D17S1306, D20S486, D20S607, D20S481, and D20S480 §miR-152, miR-148b-3p, miR-3187-3p, miR-15b-5p, miR-27a-3p, miR-30a-5p ¥TIMP3, APC, RARB, TIG1, GSTP1, p14, p16, PTGS2 and RASSF1A ∞IGFBP7, SNX16, CSPG6, CTSD, CHD2, NELL2, TNFRSF7 Table 2 : Summary of included literature with validation cohorts §miR-152, miR-148b-3p, miR-3187-3p, miR-15b-5p, miR-27a-3p, miR-30a-5p
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